Density functional theory study of Ni clusters supported on the ZrO2

(111) surface by Cadi-Essadek, A. et al.
Density Functional Theory Study of Ni
Clusters Supported on the ZrO2(111)
Surface~
A.Cadi-Essadek1, A. Roldan2,N. H. de Leeuw1,2*
1 Department of Chemistry, UniversityCollege London, 20Gordon Street, London,WC1H0AJ, United Kingdom
2 School of Chemistry, Cardiff University,Main Building, Park Place, CF103AT, Cardiff, United Kingdom
Received March 04, 2016; accepted November 14, 2016; published online December 16, 2016
Abstract
The nickel/zirconia (Ni/ZrO2) interface plays a key role in
the performance of the anode of solid oxide fuel cells (SOFC)
and it is therefore important to understand the interaction
between nickel nanoparticles and the ZrO2 surface. Here, we
have described the interaction of five Nin (n = 1–5) clusters
with the (111) surface of cubic zirconia, c-ZrO2(111), using
spin polarized density functional theory (DFT) calculations
with inclusion of long-range dispersion forces. We have sys-
tematically evaluated the geometric and electronic structure
of different cluster configurations and sizes and shown how
the clusters interact with the oxygen and zirconium surface
atoms. The cluster-surface interaction is characterized by a
charge transfer from the Ni clusters to the surface. From cal-
culations of the hopping rate and clustering energies, we
have demonstrated that Ni atoms prefer to aggregate rather
than wet the surface and we would therefore suggest that
modifications in the synthesis could be needed to modify the
coalescence of the supported metal particles of this catalytic
system.
Keywords: Ab-initio Calculations, Fuel Cells, Hopping Rate,
Oxide Surface Supported Cluster, Zirconia
1 Introduction
Metal-oxide interfaces are efficient catalytic systems used in
many industrial processes, e.g., microelectronics, sensors and
solid oxide fuel cells (SOFC) [1–7], hence the growing interest
in these cermets over the past decade. SOFC are electrochemi-
cal devices which convert chemical energy into electrical
energy [8, 9], but robust materials are needed since they oper-
ate under a high working temperature of approximately 500–
900 C [10, 11]. A suitable candidate material is zirconia (ZrO2)
since it has low thermal conductivity, high fracture toughness
and bulk modulus, in addition to being chemically inert and
corrosion resistant [3, 12]. Doping cubic zirconia (c-ZrO2) with
yttria (Y2O3) stabilizes the cubic zirconia polymorph at low
temperatures and makes it more suitable for use as an anode
in the SOFC. Indeed, ytrria-stabilized zirconia (YSZ) has a
higher oxygen-ion conductivity and is stable under both oxi-
dizing and reducing conditions [13].
Nickel is the metal primarily used in SOFC, and it is well
known that the performance of the Ni/YSZ cermet depends
on the microstructure and the distribution of the Ni and YSZ
phases in the cermet [14]. This performance depends also on
the key reactions occurring at the triple phase boundary (TPB)
where the gas phase, Ni particles and YSZ surface meet.
Therefore, the catalytic activity of the surface is directly linked
to the nature of the metal-support interaction [2] and hence
our interest in Ni/ZrO2 interface.
Methods based on the density functional theory (DFT) are
suitable for the description of metal-oxide interfaces [15], but
it is a time-consuming method and in this work we have there-
fore focused on the study of the adsorption of small clusters
(Ni1-5) on the ZrO2(111) surface to provide fundamental
insight into the Ni/ZrO2(111) interaction. Other authors have
used DFT to study related metal-oxide interfaces. For instance,
Catlow et al. [2] have investigated the deposition of palladium
–
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and platinum layers on zirconia and ceria surfaces and found
that the electronic configuration of the noble metal is deter-
mined by the metal support interaction. Li et al. [16] studied
the deposition of an Au10 cluster on the MgO(111) surface and
demonstrated charge transfer from the cluster to the surface.
Teng et al. [15] deposited Aux (x = 1–10) on the stoichiometric
and partially reduced CeO2(111) surfaces and showed that the
stability of Aux clusters depends on the surface structure and
the Au-Au bond strength and arrangement. Jiang et al. [17]
used DFT to investigate the geometric structure of Ptn (n = 4–8)
clusters on the TiO2(110) surface. They found that Pt4 adopts a
flat geometry upon adsorption, while Ptn (n = 5–8) adopts a
two-layer structure where only the bottom layer interacts with
the support. Luches et al. [18] characterized by STM and XPS
measurements the nucleation and growth of Ag nanoparticles
on CeO2(111). They have also complemented their experimen-
tal results with DFT calculations, where they showed charge
transfer from the Ag clusters to the ceria surface. Hahn et al.
[19] used DFT to study the adsorption of Ni clusters on top of
CeO2(111) and showed that the metal cluster is stabilized as
the cluster size increases (up to ten atoms). Ma et al. [20], in
their investigation of the nucleation and aggregation processes
of Ag atoms on the AgCl(100) surface, demonstrated that the
clusters are thermodynamically more stable than layered
structures with the stability increasing with the cluster size.
Jung et al. [21] described the interaction of CO with M
(M = Pd and Pt) supported on c-ZrO2(111), although these
authors were more focused on the effect of M/ZrO2(111) on
CO adsorption rather than on the M-ZrO2 interaction itself.
A systematic study of the influence of Ni cluster size and
configuration on the Ni/ZrO2 interface is still lacking and in
this work we have therefore analyzed the interaction of
5 Nin (n = 1–5) clusters with the c-ZrO2(111) surface, showing
the effect of the cluster configuration on the binding process.
We have also analyzed the electronic structure of the
Nin/ZrO2(111) interface to describe the electronic rearrange-
ment of the surface atoms caused by the metal cluster. Finally,
we have calculated the hopping rate to gain insight into the
diffusion of Ni atoms on the c-ZrO2(111) surface.
2 Models and ComputationalMethods
We have performed the DFT [22] calculations using the
Vienna Ab-initio Simulation Package (VASP) [23–26] which
solves the Kohn-Sham equations in a periodic approximation.
The exchange-correlation functional was approximated using
the generalized gradient approximation (GGA) [27] with the
Perdew-Burke-Ernzerhof (PBE) density functional. The long-
range dispersion interactions were described by the semi-
empirical method of Grimme [28]. The O (2 s, 2 p), Ni (3 d, 4 s)
and Zr (4 d, 5 s) atomic orbitals have been treated as valence
electrons and their interaction with the remaining frozen core
electrons was described by the projected augmented wave
method (PAW) [29]. To determine the number of plane-waves
a kinetic energy cutoff was set at 500 eV and all the calcula-
tions were spin polarized. To optimize the geometry of the
system, a conjugate gradients technique was adopted with an
interatomic force threshold of 0.01 eV Å–1. For the ZrO2 bulk
calculations the reciprocal space was described by Monkhorst-
Pack grids with 9 · 9 · 9 mesh of k-points. For the 1 · 1 slab cal-
culations a 7 · 7 · 1 mesh of k-points was used, while for the
2 · 2 slab calculations a 3 · 3 · 1 mesh of k-points was adopted.
The space group of cubic zirconia (c-ZrO2) is Fm3m with a
face-centered cubic (fcc) unit cell (fluorite crystal structure).
The fcc cube is formed by the Zr atoms which are each coordi-
nated to eight oxygen atoms. The position of the O atoms is on
the diagonals of the cube. The METADISE code [30] was used
to generate the ZrO2(111) surface, where the atomic charges
and the periodicity in the plane direction are taken into
account. This code allowed us to obtain a stacking of the
atomic layers resulting in a zero dipole moment perpendicular
to the surface plane, although this particular surface we could
also have obtained by using the electron counting method
[31]. Different surface terminations have been investigated
and the most stable determined here was the O-terminated
ZrO2(111), in agreement with previous studies [1, 32].
A slab model was considered to define the surfaces and the
vacuum size was set to 15 Å in order to avoid perpendicular
interactions. Nine atomic layers (three O–Zr–O trilayers) in
the z-direction were adopted for the slab thickness. The top
five atomic layers were allowed to relax during geometry opti-
mization, while the bottom four layers were kept fixed at their
bulk equilibrium position to represent the rest of the crystal.
For the adsorption of one Ni atom on the surface, a 1 · 1 slab
was considered, which contains 36 atoms (four atoms per
atomic layer) and has a surface area of 44.96 Å2. When we
adsorbed more than one Ni on the surface, a 2 · 2 slab was
considered to avoid lateral interactions between Ni clusters.
Thus, the 2 · 2 slab contains 144 atoms (sixteen atoms per
atomic layer) and has a surface area of 179.84 Å2.
To describe the interaction of the Ni clusters with the sur-
face we have calculated the clustering energy per Ni atom as
follow (Eq. (1)):
Eclus ¼
ENin=ZrO2  ðEZrO2 þ nENiÞ
n
(1)
where ENin=ZrO2 , EZrO2 and ENi are the energies of the slab with
the n Ni atoms adsorbed on the surface, the clean oxide ZrO2
surface and the Ni metal atom, respectively, and n is the num-
ber of adsorbed Ni atoms. A positive clustering energy means
that Ni atoms prefer to aggregate rather than wet the surface,
whereas a negative clustering energy indicates that the Ni
atoms prefer to spread over the surface.
We have also calculated the cohesive energy of the metal
cluster configurations (Eq. (2)):
Ecoh ¼
ENin  nENi
n
(2)
where ENin is the energy of the Nin cluster. To calculate ENin
we first optimized Nin/ZrO2, then removed the surface and
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performed a single point calculation of the Nin geometry as in
the optimized Nin/ZrO2 system. Finally, we have described
the perpendicular interactions between the surface and the Ni
clusters from the interaction energy (Eq. (3)):
Eint ¼
ENin=ZrO2  ðE ¢ZrO2 þ ENinÞ
nc
(3)
where E ¢ZrO2 is the energy of the geometry of the clean ZrO2
surface taken from the optimized Nin/ZrO2 structure and nC
is the number of Ni atoms in contact with the surface. To cal-
culate E ¢ZrO2 , we first optimized Nin/ZrO2, then removed the
Nin cluster and performed a single point calculation of the
ZrO2 geometry as it is in the optimized Nin/ZrO2 system.
3 Results and Discussion
Before generating the surface, we calculated the c-ZrO2 cell
parameter at 5.095 Å, in good agreement with experimental
results and previous first principles quantum mechanical cal-
culations [33, 34]. The surface energy (1.20 Jm–2) of our O-ter-
minated ZrO2(111) optimized surface also agrees with other
investigations [1, 35–37].
3.1 Structural Analysis of the Ni-surface Interface
3.1.1 Ni1/ZrO2(111)
We first studied the adsorption of one Ni atom on the
ZrO2(111) surface, before building up the Nin clusters and in-
vestigating their interaction with the zirconia surfaces. We
considered seven different initial adsorption sites for the Ni
atom on the O-terminated ZrO2(111): the Zr atom, the topmost
oxygen Ou (up) (located in the top oxygen layer), Od (down)
(located in the lower oxygen layer of the uppermost ZrO2 tri-
layer), the position between each pair of sites (Ou–Zr, Ou–Od
and Od–Zr) and finally above the center of the Ou–Od–Zr
‘‘triangle’’ (Figure 1).
The clustering energy was calculated for each initial
adsorption site and ranged from 2.42 eV on the Ou–Od–Zr to
3.76 eV for the Zr initial positions. Ni adsorbs preferentially
on top of Od’ (slightly off from the perpendicular) since it has
the lowest (least positive) clustering energy (2.42 eV) for this
site. From Figure 2, we note that Ni interacts with the two
nearest Ou atoms causing a movement of those two surface
atoms away from their initial positions. Indeed, the Ou–Ou dis-
tance is 3.603 Å for the clean surface, which becomes 3.708 Å
upon Ni adsorption due to the interaction between Ni and the
oxygen surface.
The analysis of the Bader charges (Table 1) shows the effect
of Ni on the electronic structure of the surface atoms. Upon
Fig. 1 Side and top views of the O-terminated ZrO2(111) surface show-
ing the initial adsorption sites for Ni. Color key: red and gray spheres
represent oxygen and zirconium atoms, respectively.
Fig. 2 (a), (b), (c), (d), (e) and (f) side view of Ni1/ZrO2(111),
Ni2/ZrO2(111),Ni3/ZrO2(111), flat-Ni4/ZrO2(111), pyr-Ni4/ZrO2(111)
and Ni5/ZrO2(111) systems, respectively. Color key: red, gray, and blue
spheres correspond to oxygen, Zr andNi atoms, respectively.
Table 1 Calculated energies, charges and d-band center position for the most stable configuration of the 5 systems.
energies / eV
Ni1/ZrO2(111) Ni2/ZrO2(111) Ni3/ZrO2(111) flat-Ni4/ZrO2(111) Ni5/ZrO2(111)
Eclus 2.42 2.16 1.77 1.57 1.53
Ecoh – 3.83 3.38 3.11 2.88
Eint –3.80 –2.38 –2.16 –2.04 –2.05
bader charge / e–
Ni1/ZrO2(111) Ni2/ZrO2(111) Ni3/ZrO2(111) Flat-Ni4/ZrO2(111) Ni5/ZrO2(111)
Ni 0.3 0.2 0.3 0.4 0.4
d-band center
Ni1/ZrO2(111) Ni2/ZrO2(111) Ni3/ZrO2(111) Flat-Ni4/ZrO2(111) Ni5/ZrO2(111)
Ni –0.55 –1.18 –1.18 –1.29 –1.73
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adsorption, the charge of the Ou and Zr atoms nearest the Ni
is modified, from –1.2 to –1.1 e– and from 2.3 e– to 2.1 e– for Ou
and Zr, respectively. Ni has obtained a charge of +0.3 e, show-
ing a slight oxidation of metallic Ni due to the charge transfer
to the surface, which causes the electronic rearrangement of
the Ou and Zr atoms.
We have plotted the electron density difference as
Dr = r(Ni/surface) – (r(surface) + r(Ni)) in Figure 3, showing the
orientation of the atomic orbitals, from which a gain of elec-
tron density between Ni and the surface atoms is clearly seen.
For instance, a charge accumulation is observed between the
Ni and Zr atoms, confirming the electronic rearrangement
described by the Bader analysis, with the atomic orbitals of Ou
atoms pointing towards the Ni adatom. In addition, Figure 3
displays charge depletion around the Ni atom.
3.1.2 Nin/ZrO2(111)
As it is difficult to consider all possible configurations of
the Nin clusters, we will build the clusters incrementally with
the shape and the initial adsorption sites based on our
Ni1/ZrO2(111) findings above and previous investigations in
the literature of similar systems, i.e., metal clusters supported
on oxide materials [16, 20, 21, 38].
We identified in the previous section that Ni is preferen-
tially positioned on top of the Od’ site, where it interacts
mainly with its nearest Ou and Zr neighbors. Therefore, the
atoms of the cluster facing the surface are initially positioned
near the Ou atoms and on top of the Od’ site. The other consid-
eration taken into account in the Nin/ZrO2(111) interfaces is
the cluster shape. Since in the metal, the Ni(111) is the most
stable surface [39, 40], Ni(111)-facetted clusters have been
adsorbed on the metal oxide surface. Thus, the initial atomic
spacing in the Nin clusters corresponds to the one in the
Ni(111) metal surface, i.e., 2.2 Å, although all atoms in the Ni
clusters as well as the surface zirconia layers are allowed to
move and relax freely during the geometry optimization .
The first cluster studied here is Ni2 which adsorbs on the
ZrO2(111) surface with a clustering energy of 2.16 eV. Nia and
Nib (Figure 2 (b)) were initially positioned at 2.650 Å and
2.466 Å, respectively, from their nearest Ou neighbor. After ge-
ometry optimization, we note a decrease of the Ni–Ou dis-
tance: Nia–Ou = 1.753 Å and Nib-Ou = 1.813 Å. Additionally,
each Ou has moved away from its initial position, similar to
the observation made for Ni1/ZrO2(111): the final Ou–Ou
distance observed for Ni2/ZrO2(111) is 4.621 Å whereas it is
3.603 Å for the clean surface. This effect of the interaction of
Ni2 with surface atoms can be confirmed further by evaluating
the charge of the cluster and the relevant surface atoms.
The analysis of the Bader charges shows a decrease of 0.1 e–
in the negative charge of both Ou atoms interacting with Ni2.
The positive charge of the Zr atom is decreased by 0.2 e– and
the sum of the cluster charge is +0.2 e. This electronic rearran-
gement is visualized in the electron density difference plot
(Figure 3) where we have an obvious charge accumulation
between Ni2 and the surface. In addition, the orbitals of the
two Ou interacting with the adatoms are well localized and
pointing towards Ni.
The second cluster considered here is Ni3/ZrO2(111) where
the cluster adsorbs on the surface with a clustering energy of
1.77 eV. After geometry optimization, the final shape of the
Ni3 cluster is a triangle where each Ni interacts with its nearest
Ou neighbors, similarly to the metal-surface interactions of the
Ni1 and Ni2 clusters. Each Ni atom is positioned at 1.8 Å from
its nearest Ou neighbor, whereas before geometry optimiza-
tion the average Ni-Ou distances was 2.3 Å. We also observe
in the Ni3/ZrO2(111) system a shift of the Ou atom positions,
in the surface plane, as was found for Ni1/ZrO2(111) and
Ni2/ZrO2(111). Moreover, the center of the Ni3 triangle is posi-
tioned over the Zr surface atom to optimize the interaction
with it. This interaction is confirmed by the
Bader charge analysis, since the charge on
this Zr atom is +2.0 e while it is +2.3 e for the
clean surface. We also note an average
decrease of 0.1 e– in the negative charge of
the Ou atoms (nearest neighbors of Ni) upon
Ni3 adsorption: –1.1 e
– for Ni3/ZrO2(111)
while it is –1.2 e– for the clean ZrO2(111) sur-
face. Finally, the total charge of the Ni3 clus-
ter is +0.3 e , indicating that charge transfer
to the surface takes place, which explains the
electronic rearrangement observed for Ou
and Zr.
The analysis of the electron density differ-
ence plot (Figure 3) shows this modest charge
transfer from Ni3 cluster to the surface, since
we observe an accumulation of charge
between the cluster and the Zr atom located
under the cluster. Another accumulation of
charge is observed between each Ni atom
and its nearest Ou neighbor, whereas in the
Fig. 3 Calculated electron density difference for the most stable configuration of the 5 sys-
tems. Color key: red, gray, and blue spheres correspond to oxygen, Zr and Ni atoms,
respectively. Isosurface level: 0.005
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meantime a depletion of charge is observed around each Ni
atom.
The third cluster considered in this investigation is Ni4/
ZrO2(111) where the clustering energy of the most stable con-
figuration (Figure 2 (d)) is 1.57 eV. This flat configuration is
slightly more favorable than the pyramid one (Figure 2 (e),
1.62 eV), since in flat-Ni4/ZrO2(111) the Ni–Ou interactions are
maximized which stabilizes the Ni4 cluster. In terms of the
total energy, the flat configuration is 0.23 eV more stable than
the three dimensional cluster. Indeed, in the flat configuration
we have 4 Ni interacting with 4 Ou while in the pyramid shape
only 3 Ou are involved in the interaction with the Ni4 cluster.
Thus, we focus here only on the flat shape and it can be seen
from Figure 2 (d) that upon adsorption the nearest Ou atoms
to the cluster are pushed away from their initial positions,
where the average distance between each Ni and its neighbor-
ing Ou is 1.8 Å as it was in Ni2/ZrO2(111) and Ni3/ZrO2(111).
Bader charge analysis shows that flat-Ni4/ZrO2(111)
behaves similarly to Ni2/ZrO2(111) and Ni3/ZrO2(111): upon
Ni4 adsorption, the Ni4 cluster becomes positively charged
(+0.4 e), the negative charge of Ou (nearest neighbors of Ni)
decreases by 0.1 e– and the positive charge of Zr (nearest
neighbor of Ni) decreases by +0.3 e. Thus, a charge transfer
from the cluster to the surface is responsible for the electronic
rearrangement of the surface atoms.
The electron density difference plot of Ni4/ZrO2(111) (Fig-
ure 3) shows an important accumulation of charge between
the cluster and the nearest Zr belonging to the surface. We also
note that the Ou atomic orbitals are well localized and point-
ing towards their respective Ni neighbor. Finally, a depletion
of charge surrounding each Ni atom is observed.
The last cluster we have considered is Ni5/ZrO2(111).
Again, we have considered two initial shapes for
Ni5/ZrO2(111): flat and pyramidal. However, after geometry
optimization, the flat Ni5 configuration converged to a shape
similar to the pyramid configuration (shown in Figure 2 (f))
with a clustering energy of 1.88 eV. Therefore, whatever the
initial shape of the Ni5 cluster, the 5 Ni adatoms tend to adopt
a pyramid shape on top of the zirconia surface. The most
stable pyramid shape found is shown in Figure 2 (f) and the
clustering energy calculated for this configuration is 1.53 eV.
Therefore, in the optimized structure of Ni5, we have 4 Ni
atoms exposing a (111) face to the zirconia surface and inter-
acting with the Ou atoms. One Ni atom is positioned on top of
the 4 Ni to form the pyramid. Ou atoms act like a trap for the
cluster since in Ni5/ZrO2(111) the Ni interacting with Ou
atoms are oriented toward them with an average distance of
1.8 Å and Ou are pushed away from their initial position,
similarly to the previous configurations (Ni4/ZrO2(111),
Ni3/ZrO2(111), Ni2/ZrO2(111) and Ni1/ZrO2(111)).
Bader charge analysis shows the same behavior as in the
adsorption of the smaller clusters: the negative charge of Ou
interacting with Ni decreases from –1.2 e– to –1.1 e– upon clus-
ter adsorption; the positive charge of the Zr atom near the
cluster decreases from 2.3 e– to 2.0 e–. Finally, the Ni5 adsorbed
cluster has a charge of +0.4 e explaining the electronic rearran-
gement observed in the zirconia atoms. The charge lost by the
cluster is partially accumulated between the cluster and the
surface and affects the electron localization of the surface
atoms. The electron density difference plot of Ni4/ZrO2(111)
(Figure 3) shows this charge accumulation between the cluster
and the nearest Zr. It also shows the orientation of the Ou
atomic orbitals, which are again localized and pointing
towards Ni atoms.
3.2 Ni Diffusion on ZrO2(111)
The general trend of the interaction of the five clusters
(Ni1–5) with the surface shows that the Ni atoms interact
mainly with Ou and Zr. When the number of Ni in the cluster
is > 2, the Ni cluster shape is a (111)-facet and the cluster is
positioned in a way to maximize its interaction with Ou and
Zr atoms. Figure 4 shows that the clustering energy is propor-
tional to the size of the adsorbed Ni cluster: the larger the clus-
ter, the lower Eclus, i.e. the trend of Ni clusters on ZrO2(111)
indicates that aggregation of the Ni atoms is preferred over
dispersion of individual atoms across the surface.
Furthermore, we note from Table 1 that the difference
between Eclus and Ecoh decreases with the increase of the clus-
ter size, due to the decrease of the ratio of interaction between
metal atoms and the surface for larger clusters. Therefore, the
cluster-surface interaction contributes weakly to the clustering
energy. A similar result was found by Ma et al. [20] in their
investigation of the adsorption of Ag clusters on the AgCl(100)
surface.
Eint decreases with cluster size (Table 1) which is predict-
able since for larger clusters there are more atoms in contact
with the surface, leading to an augmentation of perpendicular
Ni-surface interactions. We also note from Table 1 that the
d-band center decreases with the increase of the cluster size.
We have next evaluated the activation energy of diffusion
of one Ni towards the Ni4 cluster on top of ZrO2(111) surface
(Figure 5), by identifying the transition state along the diffu-
sion pathway using the dimer method [41].
Fig. 4 Calculated clustering energy (Eclus / eV) for different cluster Nin
adsorbed on ZrO2(111). We show here the most stable structures.
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Figure 5 shows that the configuration Ni5/ZrO2(111) is
more stable than (Ni+Ni4)/ZrO2(111), which indicates that the
Ni atoms prefer to aggregate rather than be dispersed on the
surface, which is in good agreement with the clustering ener-
gies calculated in the previous section. The energy difference
between the transition state and (Ni+Ni4)/ZrO2(111) struc-
tures, i.e. the activation energy, is equal to 0.72 eV. Thus, using
this activation energy (DE = 0.72 eV), we can calculate the
hopping rate from state (Ni+Ni4)/ZrO2(111) to state
Ni5/ZrO2(111) of the Ni atom: kAﬁB ¼ n expðDEkBT Þ where A is
state (Ni+Ni4)/ZrO2(111) and B is state Ni5/ZrO2(111). The
Boltzmann constant kB = 1.37789 · 10
–5 eV K–1 and the
vibrational frequency n is approximately equal to 1012 s–1.
kAﬁB is then calculated for a range of temperatures,
corresponding to the working temperature of the SOFC
(T = 500C–900C). Figure 6 shows that this kAﬁB varies from
1.87 · 107 to 7.66 · 108 s–1, indicating that
Ni diffusion on the ZrO2(111) surface
occurs under the experimental conditions.
4 Conclusions
We have studied the interaction of five
Nin (n = 1–5) clusters with the ZrO2(111)
surface, where we have shown that the
clustering energy decreases with increas-
ing Ni cluster size. The clustering energy
was positive for all clusters, indicating
that Ni atoms prefer to aggregate rather
than wet the surface. When the number
of Ni in the cluster is > 2, the Ni cluster
shape is a (111)-facet and the cluster is
positioned in such a way to maximize its interaction with Ou
and Zr atoms. From the electronic structure analysis (charges
and electron density differences) we have demonstrated that
Ni clusters transfer charge to the surface, which affects the
electronic structure of Ou and Zr atoms: there is an accumula-
tion of charge between Ni and the surface atoms and the
atomic orbitals of Ou are well localized and point towards Ni.
Finally, based on the results of clustering energy, diffusion bar-
rier and hoping rates, it can be concluded that nucleation of
clusters of Ni atoms can take place on the ZrO2(111) surface
under the experimental conditions specific to the applications
of SOFC. A potential solution to clustering of the Ni particles
may be the introduction of a dopant in order to trap the diffus-
ing Ni atoms. We could also consider a reconstruction of the
zirconia surface, as shown in the study by Tosoni et al. [42],
where the authors showed that the adsorption of Ru on a step
on the ZrO2 surface is more stable than on a regular surface.
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